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Real-time observation of particles or bio-molecules can answer many 
fundamental questions like spatial temporal information in its natural environment. I 
have attempted to study the real time tracking of nanoparticles and corresponding 
Brownian motions using laser scanning confocal microscopy. The diffusion constant 
obtained from the Brownian motions of the recorded videos was used to determine the 
size of the particle using the Stokes-Einstein equation. The particle size was found to 
be in micrometer scale and substantially larger than the actual size of the nanoparticles 
(<20nm). The micrometer size, however, was in agreement with the measurement 
obtained from dynamic light scattering. This indicates that (i) particle-tracking is a 
promising tool in determining the behaviour of particles in solution, and (ii) for the 
nanoparticles in the current study exhibited extensive particle aggregation and caused 
complication in the data analysis. The future work can be focussed on obtaining a 
more homogeneous suspension of nanoparticles with no/minimal aggregation to 
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Our knowledge of understanding micro-events is mainly based on the end point or 
snapshot analysis of the events. Recent technological advances have brought the 
possibility to understand the processes in real time. Particle tracking is one such 
technique to get information on the real time dynamics of the particle that is being 
tracked. It is a non-invasive method to track the motion of cellular vesicles and tracer 
particles like polystyrene beads or quantum dots. 
There are two approaches for particle tracking studies, namely active and passive 
approaches. In the active approach, external force is applied to the material of study, 
such as cells, and the resultant deformation is observed. Atomic force microscopy is an 
example of the active approach. In passive approach, the tracer particle is followed 
without the application of any external force to get information on the dynamics of the 
particle. The latter approach is the focus of my current study. The motion of the 
particle can be studied by both imaging and non-imaging methods. Capture of particle 
tracking can be done by both video microscopy and laser scanning confocal 
microscopy. Video microscopy allows visualization of the particle motion in two-
dimensions. The time lapse imaging along with three dimensional motional capture of 
this kind of experiment can be carried out using laser scanning confocal microscopy. 
Particle tracking finds application in the field of micro-rheology to probe the visco-
elastic nature of the material. The tracked particle gives information on itself (its 
dynamics) along with clues about the micro-environment because the particle motional 
behaviour is influenced by the local surroundings.  
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Huge amount of data are being generated by these kinds of particle tracking studies. 
With proper data analysis, the microscopic technique along with appropriate 
computational techniques can assist us to understand the unresolved phenomenon and 
get meaningful information. Such kind of studies can further be used to understand the 
dynamics of endocytosis and intracellular transport phenomena. 
1.1 Objective 
This thesis studied the quantitative diffusion of particles which lies in the focal plane 
using laser scanning confocal microscopy. The effort is to study the diffusive 
behaviour to better understand the particle and as well as the environment. With the 
employment of Stokes-Einstein equation, the correctness of the experimental method 
was verified. Quantum dot was used in the current tracking studies. Because of strong 
fluorescent signal and resistance to photo-bleaching, quantum dot is easy to be tracked. 
Since my ultimate objective is to establish the platform for particle tracking in 
biological cells, using quantum dot can aid us to obtain better signal-to-noise data. 
Having said this, particle tracking studies in cells is complex. Sample preparation 
(density), microscopic setup (magnification, scanner speed & laser power) and 
experimental imaging condition (acquisition time & exposure time) are required to be 
optimised to conduct biological meaningful tracking studies. 
The current study serves as the initial step for particle tracking in aqueous solution and 
to understand the important factors that need to be concerned. The Brownian 
movement of quantum dot was tracked by commercial software from the recorded 




1.2 Organisation of thesis 
Chapter 1 describes the objective of the research project work. Chapter 2 introduce 
basic concepts on confocal microscopy, particle tracking, Stokes-Einstein equation, 
particle tracking software, etc. Chapter 3 presents detailed information on the 
methodology used in this thesis. Chapter 4 presents the result of the research work. 






2.1 Confocal microscopy 
2.1.1 Introduction  
Confocal microscopy possesses several advantages over conventional fluorescence 
microscopy. The usage of conventional microscopy necessitates the thin section of the 
specimen and restricted the imaging of three dimensional information of the specimen. 
Confocal microscopy provides three dimensional information through optical 
sectioning and makes the imaging of thick specimens like cells or tissues possible. 
This is done by inserting confocal imaging aperture (usually two) and limiting the 
illumination to a single point to capture a particular section of the sample. The 
illumination of single point is illustrated through Figure 2.1. In point scanning, light 
collected from the region both above and below the focal plane are avoided which 
cause out-of-focus blur. In case of wide field conventional microscopy, the entire view 
of the specimen is illuminated. This excites the fluorescence of the whole thickness of 
the specimen along with the focal plane and the out-of-focus information leads to 
blurry images. 
 




2.1.2 Working principle of confocal microscope  
The fluorophore emits fluorescent light when excited by light. In the conventional 
wide field microscopy, the image is directly captured by image capturing device. In 
confocal microscopy, the working mechanism is different (Prasad, Semwogerere et al. 
2007). Figure 2.2 shows the light path of confocal microscopy. The specimen is 
illuminated by one or more beams of laser. The point light is focused on the specimen 
using first light source pinhole aperture and collected by the objective. The laser light 
is deflected by the dichroic mirror and the emitted fluorescence from the specimen 
again passes through the dichroic mirror to reach the detector. The detector pinhole 
aperture eliminates the light emanating from above and below the region of focal 
plane, and ensures that light from in-focal plane is only detected by the detector. The 
fluorescent signal from the sample is converted to analog signal by the detector. The 
analog signal is finally converted to pixel information and reconstructed to images 
computationally. 
 




Lasers are high intensity monochromatic light sources. The most popular lasers used 
for confocal system are argon ion laser (488 and 514nm lines) and argon-krypton 
mixed gas laser (488, 568 and 647nm lines). The radiation from the laser is expanded 
using beam expander telescope configuration. Spatial filter pinhole fitted with beam 
expander produce uniform illumination beam. Some confocal microscopes use optical 
fibre to pass the light from the laser to the optical system.  
2.1.4 Detector 
The secondary (or fluorescent) emissions from the sample are collected by detector. 
The different types of detectors include photo-diode, photomultipliers and solid-state 
charge-coupled devices (CCD). As light from the out-of-focal plane are rejected by the 
aperture, the amount of light reaching the detector is less, and this necessitates the use 
of a sensitive detector. Photo multiplier tube (PMT) is the most widely used detector in 
confocal microscopy. PMT consists of photo-sensitive surface which collects the 
incident photons and photocathode which emits photoelectrons by means of 
photoelectric effect and dynodes to multiply the electrons. PMT functions in the 
multiplication of photoelectrons whereas CCD is the imaging device with imaging 
elements as pixels. 
The other methods to produce optical sectioning include deconvolution and multi-
photon imaging. Deconvolution uses efficient algorithms to eliminate out-of-focal 
information, whereas in multi-photon imaging, the laser excites only one point of the 
fluorophore and therefore that point is excited to get the in-focal plane information. 
This eliminates the requirement of pinhole aperture. Application of confocal imaging 
includes time lapse imaging, resonance energy transfer, total internal reflection, etc. 
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2.2 Particle Tracking 
Real time observation of molecules or particles in living cells with time-resolved 
measurement can decipher many underlying fundamental biological questions. Such 
dynamic observation can explore molecular interactions and processes which are often 
masked by conventional static measurements. Previously our understanding of a 
biological process or event was based on the snapshot of cell events but digital image 
of video microscopy brought the possibility of real time monitoring (Chang, Pinaud et 
al. 2008).  
Particle tracking is one of the methods to study the dynamics of particle system 
ranging from colloidal solution (Crocker and Grier 1996) to cellular systems (Dahan, 
Lévi et al. 2003). It basically tracks the position of particle of interest in time in its 
habitat environment by measuring the displacements. Recent development in 
technology allows microscopy to measure the motion of particles, its dynamic change 
with space and time either by using video microscopy or confocal laser scanning 
microscopy (CLSM). The microscopic images that are interpreted and analysed by 
image processing can provide insight on the sub-cellular organelles and its spatial-
temporal dynamics (Meijering, Dzyubachyk et al. 2009).  
Based on the information required to be extracted, particle tracking can be used to 
study the particle motion. In addition, it can also be used to study the local micro-
environment of the particle since its movement depends on the chemical and physical 
properties of the surrounding network. The following questions can be addressed by 
particle tracking.  
 How does each particle move and what is the velocity of each particle? 
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 What is the transport mode (description of transport mode is given in section 
2.4.2) of the particles? 
 What is the effect of the surrounding medium on the motional behaviour of the 
particle? 
 What is the mechanism (pore size, presence of obstacle) that constraints the 
motion of the particles? 
Particle tracking based on the number of particles tracked is of two types. 
Single Particle Tracking (SPT): It follows and locates an individual particle to 
measure its individual dynamics, thereby probing the local micro-environment and 
providing spatial temporal resolution of the local network using only a single particle. 
Thus a sub-population can be distinguished based on the motional characteristics. 
Multiple Particle Tracking (MPT): It probes multiple particles simultaneously and 
provides the statistical behaviour of the particle population. Figure 2.3 is the trajectory 
obtained for large number of colloidal microspheres analysed by multiple particle 
tracking analysis. Here, a large number of particles can be simultaneously tracked 
using video microscopy. In this case, the surroundings of the particle (behaviour of the 
nearby particles) can be visualized and information on the neighbourhood (medium 





Figure 2.3 Trajectory of colloidal microsphere (Crocker and Grier, 1996) 
MPT exploits the ensemble average transport properties of population. Measurements 
from a large number of particles reveal statistical insight of the population (Suh, 
Dawson et al. 2005). The average property of either the particle or the environment can 
be determined.  
2.2.1 Micro-rheological study by particle tracking 
Rheology is the study of flow of materials. In micro-rheology, the particle motion is 
tracked in small amount of material to learn about the bulk property of the material. 
Micro-rheology can be studied by two techniques, namely the active and passive 
techniques. In the passive technique, the particle moves in the material by thermal 
energy. The motion of the particles can be tracked using optical microscopy or 
diffusive wave spectroscopy. In active micro-rheology, the tracker particle is subjected 
to external force (atomic force microscopy).  
The particle displacement information obtained from particle tracking can be used to 
investigate the visco-elastic feature of the surrounding environment. The micro-
rheological properties of the polymer polyethylene oxide (PEO) was studied and 
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verified by two techniques namely laser deflection particle tracking (LDPT) and 
diffusing wave spectroscopy (DWS)(Mason, Ganesan et al. 1997). Other study on 50% 
glycerol and polyacrylamide gel (1.5%, 2% & 2.5 %) using polystyrene beads was 
done by fluorescent laser tracking micro-rheometry (FLTM) (Jonas, Huang et al. 
2008). These micro-rheology studies on soft materials proved that the study of particle 
motion is possible and can be applied to the cellular system. 
2.3 Brownian motion 
Particles in liquid are observed to follow zigzag, random, and irregular motion termed 
as Brownian movement or Brownian motion. Figure 2.4 represents the random motion 
exhibited by a single particle. This motion is the direct manifestation of collision of the 
suspended particles with the liquid molecules. The suspended particles are 
continuously and randomly bombarded by the liquid molecules. This effect is 
independent of external factors such as illumination, vibration of table, etc.  
 
Figure 2.4 Brownian diffusion of latex particles (Grasselli and Bossis 1995) 
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This phenomenon was first discovered in 1827 by a British botanist Robert Brown 
(1773-1858) while he was studying pollen grains in water. Brown observed the same 
kind of zigzag motion with a variety of materials ranging from pollen grain to 
Egyptian sphinx fragments. Wiener (1863) suggested that the motion of particles was 
not due to external factors but because of “liquid motions”. This proposal received to 
both credit and criticism. The German botanist Karl Nageli (1879) opposed the idea by 
pointing that the attractive and repulsive forces may be the reason for the motion. 
French physicist Leon Gouy found the rapid propagation of Brownian motion for 
smaller particles.  
The observation waited till 1905 for its quantitative explanation through Einstein. 
Marian Von Smoluchowski verified the statistical mechanical theoretical prediction by 
Einstein through experiment and concluded that the motion is brisk at smaller size and 
low viscosity. The observation was further qualitatively explained by French physicist 
Jean Perrin (1870-1942) who made experimental verification to obtain Avagadro‟s 
number using Einstein‟s formula in 1906. Einstein‟s theory was simplified and 
presented by Langevin in 1908. The comparative experimental and theoretical study of 
colloidal particle using Einstein-Smoluchowski and Stokes equation was verified by 
Vadas in 1976 using cumbersome cinematography to get the rotational diffusion 
constant (Vadas, Cox et al. 1976). For living and non-living particles, the rapidity of 
the motion increased at high temperature and low viscosity(Choi, Margraves et al. 
2007).  
For the particles that are less than 1 µm, inertial force can be neglected. The two forces 
acting on the particles are: 
a. Thermal energy (KBT) generated by random bombardment of water molecules  
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b. Counter-acting frictional force 
The frictional force is proportional to velocity and frictional coefficient of particles. 
The frictional coefficient, in turn, is proportional to size of the particle and viscosity of 
the medium component. 
2.4 Quantitative analysis of particle motion 
The recorded video of Brownian motion are analysed to deduce quantitative 
information. The transport behaviour is characterised by the diffusion constant D. The 
displacement of the trajectory and calculation of D is characterised by the following 
ways: 
1. In the method of probability distribution of displacement, the distribution of 
displacement is plotted as the function of lag time ∆t and fitted by the Gaussian 
distribution. D is then calculated from the variance (Crocker and Grier 1996; Lee, 
Chou et al. 2005) 
2. The average displacement is plotted over time (Vadas, Cox et al. 1976; Kirksey and 
Jones 1988; Biondi and Quinn 1995; Salmon, Robbins et al. 2002; Choi, Margraves et 
al. 2007).  
For the study of diffusive behaviour, displacement was plotted over time. The first step 
of finding D is the calculation of mean square displacement (MSD).  
2.4.1 Mean square displacement 
The random motion of the particles is tracked by suitable particle tracking software 
which gives the position value (x & y co-ordinate). MSD is the average distance 




MSD or < ∆r2 (t) > = < [x (t) - x (0)] + [y (t) - y (0)]>       (1) 
where, 
∆t lag time  
t time 
x (0) & y (0) are the values of x and y at the initial position 
x (t) & y (t) are the displaced values after lag time t 
To obtain satisfactory statistical average, hundreds of particles are required to be 
tracked and analysed. In this case, ensemble MSD << r
2 
(t) >> should be used instead 
of MSD < r
2 
(t) >. If the system is solid, MSD reaches finite value and in case of the 
liquid systems, MSD linearly increases with time. MSD over time yield diffusion 
constant which answers transport property of the particle and physical properties of the 
surrounding medium (micro-environment).  
Timescale (∆t) is the time period in which a particle is allowed to move from the initial 
observation time, and is an important parameter to consider in case of particle tracking. 
If the camera captures 10 frames per second (fps), the displacement of the particle is 
recorded after every 0.1 sec. The shortest timescale is based on the acquisition set up 
and camera/laser scanning speed. Displacement increases with time if a particle moves 
in a medium. From the trajectory of the particles, myriad of information including 




2.4.2 Transport modes 
The different modes of motion based on MSD verses time were discussed by Saxton 
and Jacobson (1997). MSD contains information on the diffusion constant D which 
characterizes the system behaviour. D is the slope in a MSD-time plot. Figure 2.5 
below shows the trajectory pattern for different motional modes. Each mode is 
described below. 
 
a. Constrained  b. Sub-diffusive c. Diffusive   d. Super-diffusive 
Figure 2.5 Trajectories of different modes of motion (Selvaggi, Salemme et al., 2010) 
Anomalous Diffusion:  
< r
2 
(t) > = 4Dt
α              
(2) 
Anomalous diffusion is followed when MSD is non-linear with time. The slope of log-
log plot of MSD verses time gives alpha (critical exponent). Based on the value of α, 
the diffusion process can be termed as super diffusive (α >1) and sub-diffusive (α <1). 
In super diffusive mode, transport or motional movement is active. In sub-diffusive 
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mode, the trajectory is linear with time for a short period and becomes flattened at 
extended time period. It may be due to the presence of micro-domain or molecular 
crowding phenomenon in case of a cellular system. This motion is observed when the 
particle movement is restricted by some obstacles or when the diffusion becomes 
hindered.
 
Directed motion:  
< r
2 
(t) > = 4Dt
 
+ ν 2 t2           (3) 




fitting MSD versus 
t into a polynomial, the values of D and ν can be obtained. 
Corralled or immobile motion:  
This motion is observed when the particles become confined within the region.  
Normal or Fickian diffusion: 
Normal diffusion is exhibited when MSD is the linear function of time with the slope 
2dD. Each time the particle moves one step ahead, it losses all the memory of where it 
comes from. The next step is in random direction. Thus the trajectory followed by the 
particle is the random walk or Markov‟s chain of events. The relation under these 
conditions is given by Einstein-Smoluchowski: 
< r
2 
(t) > = 2Ddt           (4) 
where, d is dimensionality.  
If it is a 3-dimensional tracking and the medium is isotropic, d can be substituted as 3. 
If the experimental conditions do not meet the isotropic assumption, then motional 
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property in the axial z direction has to be determined experimentally. This 
phenomenon is observed for water, glycerol-water mixture, etc. which are Newtonian 
fluids. 
2.5 Stokes-Einstein equation and its verification  
The Stokes – Einstein relationship is given by  
D = KBT/ε = KBT/ 6πηr          (5) 
where, 
D diffusion constant 
KB Boltzmann constant 
T temperature of the sample solution 
η viscosity of the sample solution 
r radius of the particle 
ε frictional coefficient of the particle. 
Usage of this equation necessitates the fulfilment of the following conditions. 
 Spherical shape of the particle 
 Rigidity of the particle  
 Continuum of the particle environment (i.e. particle size should be bigger than 
the mesh size of the network) 
 Negligible inertial effects (because of small Reynold‟s number associated with 
the particle diffusion) 
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The equation < r
2 
(t) > = 2Ddt enables one to find D from the slope of MSD-time plot, 
and the correctness of D can be verified by Stokes-Einstein equation. Newburgh and 
his co-worker (2006) studied the particle tracking studies using polystyrene 
microspheres. The study aimed to cross check the quantitative calculation of diffusion 
constant by using the below equation.  
D = (RT/NA) (1/6 π η r)                                                      (6) 
They calculated D and back tracked the value of Avogadro‟s number (Newburgh, 
Peidle et al. 2006). In another study of particle motion the diffusion constant obtained 
from tracking was checked by Stokes-Einstein equation for its size information. The 
size value given by the manufacturer was used as the standard in this case (Grasselli 
and Bossis 1995). Most of the studies on particle tracking used polystyrene beads or 
latex spheres to track the motion in aqueous systems.  
2.6 Particle Tracking Software 
Particles are followed frame by frame whose fluorescent intensity is fitted by Gaussian 
distribution and transformed to the x, y position of the particle. Different tracking 
software can be used for practical tracking analysis, such as Image J, NIS-Elements, 
Imaris, Polytracker, Metamorph, etc. In this study, Image J & NIS-Elements have been 
considered. 
2.6.1 How does Image J track particles? 
The steps involved in particle tracking are as follows (Crocker and Grier 1996; 
Sbalzarini and Koumoutsakos 2005; Crocker and Hoffman 2007; Crocker and 
Hoffman 2007; Selvaggi, Salemme et al. 2010). 
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 Image restoration 
 Locating candidate particle position 
 False particle elimination 
 Linking particle position to trajectory 
2.6.1.1 Image restoration 
Images contain imperfections that complicate particle tracking function. For example, 
variation of the background intensity gives rise to effects such as shading (low spatial 
frequency) and snow (high spatial frequency). Both these effects are eliminated by the 
application of threshold filter by which the intermediate frequency having the required 
information can be retained. 
2.6.1.2 Locating candidate particle position 
Brightest pixel is the candidate particle location. The pixel is usually chosen as the 
brightest pixel provided if no other pixel in the neighbouring distance w is brighter. 
The local maximum selection is done by gray scale dilation. If the pixel has same 
value before and after dilation, then it would be the candidate particle. This program 
requires the size of the mask. In order to avoid multiple selections within the same 
particle pixel size, mask size larger than the particle pixel size is chosen. In this way, 
the algorithm computes the brightness weighted centroid within the Gaussian mask 
that encircles the particle.  
The brightness of the candidate particle should be in the upper 30% of the brightness 
of the entire image which is based on the local maximum intensity of the image. The 
program uses the Gaussian intensity for this circular profile. For the above mentioned 
function, the software needs two functions namely particle radius (in pixel) and 
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brightness fraction (percentile) and they determine which bright pixels can be accepted 
as particles. 
2.6.1.3 False particle elimination 
To further eliminate false particles, brightness centroid algorithm is used. By statistical 
cluster analysis, the particles (spheres) are identified as false particles or noise and 
discarded. False particles are eliminated by the software based on the morphology, 
dimensions, intensity, spatial location, etc.  
Imperfections like aggregates, bright spots, dull spots, etc fall outside the cluster and 
thus become discriminated. Corresponding particles which meets the required criteria 
forms dense group in the cluster analysis.  
2.6.1.4 Linking particle position to trajectory 
The other two parameters required are “link range” and “displacement” to link the 
candidate particle position among the frames to form the trajectory. The 
correspondence of identified particle position in the next frame with the current frame 
generates a trajectory.  
Maximum displacement of the particle between each frame is specified to the 
software. This displacement is usually larger than real particle displacement. Particle 
displacement that is lesser than the specified maximum displacement is considered as 
the same particle. If the displacement is greater, then it would be identified as two 
distinct trajectories. 
Distinct trajectories of the same particle are observed in two conditions. In case of 
particle crossing each other, the software cannot identify which trajectory to follow. If 
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the particle goes out of focus, a temporal gap is formed. If the gap is too long, the 
software cannot find the particle and hence will result in two trajectories. If the gap is 
short, the software can retrieve from its memory function and link the particle position 
after the gap. 
There is also another way of filtering the trajectory based on its length (no. of images 
to be followed for the same particle). In this way, the short trajectories can be 
eliminated out. Tracking more than one particle should ensure that the same particle is 
being followed for the rest of the frames. 
Particle linking is only possible if the particle displacement ∆ is smaller than the inter-
particle distance „a‟. If not, the software cannot exactly track the same particle and 
may lead to misidentification. 
2.7 Application 
1. Particle coordinate can be determined with micrometre resolution. This is being 
applied to study proteins and other tracer molecules in the cellular system. Quantum 
dot labelled membrane transport proteins such as aquaporin (AQP1 & AQP4) and 
cystic fibrosis trans-membrane conductance regulator (CFTR) chloride channels help 
to understand the diffusion pattern in the living cell (Crane, Haggie et al. 2009). 
 
2. Many cellular processes depend on the deformability of cytoplasm i.e. its visco-
elastic properties. The rheological properties can be studied by particle tracking, and 
the field is known as particle tracking micro-rheology. Based on the trajectory 
information, the visco-elastic property can be determined locally. These methods can 
reveal the physical (mechanical) properties of cell (cytoplasm & nucleus). Differential 
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distribution of micro-environment and presence of micro-domain structure can be 
investigated by particle tracking micro-rheology (Wirtz 2009). 
 
3. Understanding the dynamic process helps to understand the cellular and sub-cellular 
level processes. Seisenberger characterized the transport modes and quantification of 
adeno-associated virus infection pathway in the cytoplasm and nucleus. The transport 
behaviour of the virus characterised by tracking at different locations of the cell is 
given in Figure 2.6. It shows the various motional modes of the virus like consecutive 
touching, free diffusion, etc. The real time observation of viral infection paves way to 
understand viral-cell interaction and is useful for the development of anti-viral drugs 
(Seisenberger, Ried et al. 2001).  
 
Figure 2.6 Different transport behaviour of virus during infection 
(Seisenberger, Ried et al., 2001) 
 
4. Micrometer or nanometre sized particles are widely used for many applications like 
intracellular transport of nonviral gene vector, characterization of viral pathway, cell 
cytoplasm, etc (Suh et al. 2005). The characterization of dynamics and structural 
information of the small sized particle is important because of its application in 
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biomedical research. It provides insight on problems like kinetics, structure of the 
support (cytoskeletal details in case of cells), etc. 
2.8 Limitations 
The following limitations would open up the door for further research, and if solved, it 
can provide additional unrevealed information. 
1. When the particle becomes out of focus it is eventually lost. 
2. Averaging MSD over time scale may induce transition between the modes of motion 
of the particles which can complicate the analysis. 
3. Timescale may induce limitation. Small range cannot be sufficient to characterize 
the motion and long time scale may induce noise. So averaging should be done with 
substantial analysis. Because of experimental limitation, the duration of trajectory 
analysis is restricted and it can limit the understanding of the motion of particles.  
4. Biological response may complicate the processes. Interaction with sub-cellular 
components, formation of aggregates and perturbation can affect the processes. 
In this work, I tracked the Brownian motion of nanometre sized particles using 
commercial software (Image J and NIS-Elements). This work emphasizes on tracking 
and motion analysis of particles. This verification would serve as the initial step to 
track particles in complex biological systems.  
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Chapter 3 Materials and Methods 
3.1 Sample Preparation 
CdSe/ZnS quantum dot (QD) (QSA 620nm, Ocean Nanotech) with polyethyleneglycol 
(PEG) coating was used as a probe for Brownian motion. 8 nM concentration of QD 
was prepared using ultrapure water (MOLSHEIM, Millipore). The QD was sonicated 
(f-50-60Hz, Elmasonic) for 30 min to overcome aggregation. 
3.2 Experimental equipment 
3.2.1 Sample cell 
I made the custom sample holding cell (shown in Figure 3.1) for observation. Sample 
cell was constructed using cover slip (VFM, 20 X 40 mm No.1.5) and microscopic 
slide (Thermo scientific manzel glaser, polysine ®
 
slides). Before setting up the sample 
cell, the slides and cover slips were thoroughly rinsed with ultrapure water and dried 
using nitrogen gas. 
 
Figure 3.1.Top view of sample holding cell 
Glass slide and cover slip was sandwiched with double sided tape (of thickness around 
80 to 100 µm) in-between which acted as the spacer. The other two edges were sealed 
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with vacuum grease to prevent evaporation of the solution. This formed a cell of 
dimension of 22 x 4 x 0.08 mm. 
The 8 nM solution concentration was optimized to minimize particle collision and used 
for the subsequent studies. Minimising particle collision ensured that the software 
tracked the same particle. The sample cell was filled with 20 µl of sample solution and 
was loaded on to the confocal microscope. The particles were focussed after resting the 
sample for 10 min. The focal plane was selected to be around the middle of the gap 
height of 80 µm (i.e. 40-50 µm) to avoid the wall effect. 
3.2.2 Laser Scanning Confocal Microscopy (LSCM) 
3.2.2.1. Confocal specifications used for experiment 
A1R laser scanning confocal microscope (Eclipse Ti, Nikon) was used for the study. 
Out of focal plane information were rejected by Virtual Adaptable Aperture System 
(VAAS). The QD was excited by multi-argon laser (model IMA101040ALS, λ 
457/488/514 nm). The images were recorded using a 45x dry (Plan fluor ELWD, NA 
0.60, Nikon Japan) objective. The emitted fluorescent light was focussed onto a 
diascopic detector (Photo multiplier tube, λ = 485 to 650nm). A1R hybrid confocal 
scanner was used for both high speed scanning using resonant scanner (30 frames per 
second or fps for 512 x 512 pixels) and low speed high resolution scanning (16 
megapixel) using galvano scanner. To minimise the vibration, the confocal microscope 
was placed on an air table.  
3.2.2.2 Confocal imaging 
The images were recorded at different frame rate (7.7, 10.02 and 15.44 fps, audio 
video interleave (avi) format for Image J and nd2 format for NIS-Elements) depending 
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upon the scan area which was recorded. The time duration of the video was between 
20 sec to 1 min. If the image at particular focal point has less number of particles, the 
scan area was reduced to focus on the particle alone, thereby increasing the frame rate 
to 30 fps. The sample cell that showed drift movement of the solution was neglected. 
The particles that collided were neglected since they produced erroneous trajectories. 
This confined my analysis to only single non-colliding particles. The other constraint 
was the elimination of particles which are out of focus (i.e. if it cannot be tracked for 
more than 1 frame).  The recorded videos were analysed and the x & y co-ordinates of 
the particles were obtained by commercial software tracking packages (Image J and 
NIS-Elements). 
3.2.3 Size measurement 
The particle size was assessed using Zetasizer (Nano ZS, Malvern Instruments Ltd) 
using 8nM quantum dots dispensed in1 ml of ultrapure water.  
3.3 Particle tracking 
3.3.1 NIS-Elements 
The video with time lapse imaging was subjected for automatic tracking in which the 
tracked particles were defined to the software. Sometimes the image sequence with 
noise were adjusted using lookup table (LUT) setting to enhance the contrast between 
the particles & background and band pass filter to filter out the noise. Detailed 
procedure to do tracking along with the corresponding screen shots are given in the 
Section 3.4.1. The mechanism by which is it track the particle is not revealed because 
it is the propriety of the company.  
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3.3.2 Image J   
Image J, a freely downloadable java image processing program detects and tracks the 
particles in the videos using 5 parameters namely radius, cut off, percentile, link 
number and displacement. The steps involved in tracking procedure are given in the 
Section 3.4.2. By calculating the displacement of the particle at different time points 
using the captured video, the diffusion constant of Brownian particle was determined. 
3.4 Steps involved in tracking 
3.4.1 NIS-Elements 
The noise in the image is adjusted using LUT setting by either manual or auto setting. 
For auto setting, click „a‟ and manual setting is done by moving „b‟ and adjust the 
brightness of the image as shown in the below figure. 
 
Define the particle that is needed to be tracked by the software by using the function 




Open the video file containing particle that needs to be tracked. The file can be 
zoomed so that the particle can be easily defined. 
 









3.4.2 Image J 
1. Load image sequence by selecting File => import => image sequence. 
 
2. To reduce the memory consumption, covert the RGB image to 8 bit grey scale    
image.  





4. Use 5 parameters (radius, cut-off, percentile, link range & displacement) to detect 










To get information on the trajectory of the particular particle, select “focus on 
particular trajectory” as seen in figure shown on previous page.  




Results and Discussion 
4.1 Experimental condition 
The diffusion constant was measured for the solution of 8 nmol particle/liter or nM 
concentration. The thickness of sample holder cell was around 80 to 100 micrometer 
which was about 8 to 10 times the diameter (measured by zetasizer) of the particle. For 
layer thickness (height of the cell or cell thickness) which is greater than twice the size 
of the particle, the influence of wall effects can be neglected according to the study 
conducted for the particle size of 500nm (Schaertl and Sillescu 1993). In my case, it 
was far more than the two-time requirement. Thus, the influence of wall effect can be 
neglected. An alternative experimental set up is the dimple slide arrangement to 
minimise convection (Newburgh, Peidle et al. 2006) but this was not adopted in the 
current work. 
Size measured by zetasizer (based on the principle of dynamic light scattering) was 
used for the further comparison studies instead of using the measurement given by the 
company data sheet because quantum dot often aggregates. Moreover, the size 
distribution was not verified by TEM because it necessitates the drying of quantum dot 
for sample preparation. The hydrophilic quantum dot tends to aggregate during drying, 






4.2 Determination of diffusion constant D from the video using mean-square 
displacement (MSD) 
4.2.1 Capturing of video 
Particle tracking was done with the acquired videos. Time scale was important to 
establish the linear dependency of MSD with time. The time step was the smallest time 
gap that can be maintained to grab the videos. Videos at different frame rate ranging 
from 7 to 15 frames per second (fps) were captured. Exactly 7.7, 10.02, 15.44 fps were 
used for this study. The maximum frame rate of the confocal equipment used is 30 fps. 
The actual frame rate depends on the scanner speed and scan area. When the frame 
size was reduced using the option “bandscan” of nd2 software, it increased the 
scanning speed.  
If the video has small number of particles, the area of interest can be selected and 
scanned for specific particle, rather than scanning the whole area which decrease the 
frame rate. This is illustrated in Figures 4.1 & 4.2 below. There are two particles and 
therefore the area can be reduced as shown in Figure 4.2 to increase the frame rate. 
 




Figure 4.2 Reduced frame area with particles selected from Figure 4.1 
If the video has more number of particles, it can be segregated area wise for tracking. 
Figure 4.3 is the snapshot of the video that has four particles. In this case, the area 
chosen is shown in Figure 4.4 to increase the scan rate. In other words, the region with 
required information can be reduced from the whole image area for the tracking 
analysis. 
 
Figure 4.3 Snapshot of the video frame with 4 particles (full area) 
 
Figure 4.4 Reduced frame area with particles selected from Figure 4.3 
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Under these conditions, 90 video files were recorded for particle tracking studies. 
From these videos, 148 particles were tracked for image analysis and diffusion 
constant calculation. The first step of analysis is image processing followed by the 
extraction of particle position value. 
4.2.2 Image processing 
The acquired image was processed using nd2 software. To reduce the noise and 
enhance the signal, the frames were averaged using the function “nd average”. Since 
noise is random, it gets cancelled during averaging. The number of frames used for 
averaging varied from 5 to 10 depending on the image quality of the video. The signal-
to-noise ratio was enhanced by LUT auto setting. The background was subtracted to 
yield maximum signal intensity. Band pass filter suppressed the intensity variation 
without altering the particle information like size, shape etc. After these processing 
steps, the images were subjected for tracking. The particle co-ordinate information was 
obtained in micrometer dimension with the inbuilt software calibration. 
4.2.3 Tracking of particles in video by NIS-Elements 
Using particle tracking function, the particle was followed for number of frames to 
generate a trajectory and to get particle co-ordinate information. From the generated 
trajectory, several analytical steps were conducted. Figure 4.5 shows the output result 




Figure 4.5 Snapshot of the tracking result obtained for NIS-Elements for single particle 
The 7 columns in Figure 4.5 are explained below. 
1. Filename: Name of the recorded video file 
2. Index: Each particle was assigned a number by the software itself. If more than 
one particle is tracked, then the index number changes accordingly. (Shown in 
Figure 4.6). 
3. Name: Particles which are tracked are numbered as “object followed by 
numerical value”. Similar to the above case, the number changes if more than 
one particle was tracked. 
4. Index (adjacent name): Corresponding frame number 
5. Time: Displacement or lag time 
6. Position x: x co-ordinate of the particle in micrometer dimension 
7. Position y: y co-ordinate of the particle in micrometer dimension 
Since a single particle was tracked, the second column “Index” was labelled number 1 
and third column was object 1. The numerical value represents the number of the 
particle that was tracked. 
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If more than one particle was tracked, the integer in index and name column was 
changed. This is represented in Figure 4.6. (Title of the column is the same as given in 
Figure 4.5). 
 
Figure 4.6 Snapshot of the tracking result obtained for NIS-Elements for two particles 
4.2.4 Calculation of MSD from acquired video 
After the extraction of x and y co-ordinate, MSD was calculated using the below 
formula. The angular bracket represents the average. 
< ∆r2 (t) > = < [(x (t) - x (0))2] + [(y (t) - y (0))2]>      (7) 
where, 
x (0) & y (0) are the values of x and y at the initial position 
x (t) & y (t) are the displaced values after lag time t 
From Figure 4.5, the values of x (0) & y (0) are 43.85 µm & 49.79 µm. If the lag time 
was chosen to be 0.26 sec, (0.47 (time point of fifth frame) minus 0.21 (time point of 
first frame), then the corresponding value of x and y co-ordinate of time point 0.47 
(fifth frame) was the value of x(t) and y(t). 
For different lag time, MSD was calculated by the same way using Equation (7). Table 
4.1 shows the MSD value for different lag time for the particular frame rate of 15.44. It 
is seen that the MSD value increases with the increase in time interval which 




Table 4.1 Calculated MSD value for the corresponding lag time for the acquired video 
with frames rate of 15.44 
 
S.No Time interval (Sec) MSD (µm
2
) 
1 0.2 0.121 
2 0.33 0.191 
3 0.46 0.268 
4 0.59 0.345 
5 0.72 0.421 
 
 
Table 4.2 below shows all the values of calculated MSD for the corresponding lag time 
with the following frame rate of 15.44, 7.7 & 10.02. The feature which is common in 




























Table 4.2 Calculated MSD for different frame rates of 15.44, 7.7 & 10.02 
 
S.No Time interval (Sec) Frame rate MSD (µm
2
) 
1 0.2 15.44 0.121 
 0.33  0.191 
 0.46  0.268 
 0.59  0.345 
 0.72  0.421 
2 0.39 7.7 0.637 
 0.65  0.103 
 0.91  0.143 
 1.17  0.183 
 1.43  0.227 
3 0.3 10.02 0.115 
 0.5  0.195 
 0.7  0.272 
 0.9  0.367 
 1.1  0.454 
 
 
4.2.5 Calculation of diffusion constant from MSD to characterize transport 
behaviour 
The two dimensional diffusion was studied from the displacement and time interval. 
The diffusion constant was calculated from the developed trajectory. Figure 4.7 shown 





Figure 4.7 Plot of lag time versus MSD 
According to Einstein-Smoluchowski relation,  
< r 
2
> = 2 d D t           (8) 
where, 
d - dimensionality 
In my case I carried out x, y tracking videos. Thus it is a two dimensional video. 
D - diffusion constant 
t - lag time 
< r 
2
> - MSD 
Slope value of the plot lag time verses MSD equalled the value of 2dD. From Figure 
4.7, the value of diffusion constant is 0.1450 (0.5802÷4). Likewise, the diffusion 
constant was calculated for the other frame rate. Table 4.3 shows all the values of 
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calculated diffusion constant for the corresponding slope with the following frame 
rates of 15.44, 7.7 & 10.02. 














1 0.2 15.44 0.121 0.580 0.145 
 0.33  0.191   
 0.46  0.268   
 0.59  0.345   
 0.72  0.421   
2 0.39 7.7 0.637 0.156 0.039 
 0.65  0.103   
 0.91  0.143   
 1.17  0.183   
 1.43  0.227   
3 0.3 10.02 0.115 0.425 0.106 
 0.5  0.195   
 0.7  0.272   
 0.9  0.367   
 1.1  0.454   
 
Figure 4.8, 4.9 & 4.10 show the linear dependency of time dependent MSD for the 
three different frame rates. This described the normal diffusive behaviour for the 
system. This behaviour is also confirmed by the unity of the slope of log MSD verses 
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log time (Table 4.4).  But at extended time point after 30 min, the particles settled at 
the bottom of cover slip and therefore it could not be tracked further.   
Table 4.4 Comparison of slope value of time Vs MSD and log time Vs log MSD 
S.No  Frame rate Slope value of 
time Vs MSD 
Slope value of log 











The plot of time verses MSD for all the three frame rate was given in the below figure. 
The slope of the plot in Figure 4.9 differs substantially from Figure 4.8 & 4.10. This 
difference was unexpected, and it may be attributed to the non-homogeneous nature of 
particle size.  
 










Figure 4.10 Plot of MSD for particles as a function of time obtained for the frame rate 
of 10.02 
The particle motion did not change in this medium (water). This was demonstrated by 
the linear increase of the “time verses MSD” plot. This method characterised the local 
micro-environment for the short span of time. To study the behaviour of a longer span 
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of time, a longer period for tracking of particle is required. But due to experimental 
limitation, such as out of focus of the particle, the maximum time of measurement was 
restricted to less than 60 seconds. This ensemble measurement characterises the 
average feature of the system (In my case, it is diffusion constant). If a more viscous 
solution, such as polymer solution or glycerol, was used instead of water, the particle 
movement and caging (confinement) can be predicted using the same study pattern. 
At the start of the experiment, the particle tracking started 10 min after it was loaded to 
the sample holding cell. Because of surface tension, the solution with particles 
expanded between the cover slip. The tracked particle at this step showed drift 
movement due to the spread of the solution. The video that showed drift movement 
during experiment was neglected for the further analysis. Drift movement could be 
because of thermal convection.  
4.3 Calculation of particle size using Stokes - Einstein equation 
The theoretical stokes diffusion for spherical particle in liquid is given by the 
following Stokes-Einstein equation (9). 
D = KB T / 6 π µ r          (9) 
where,  
η is the viscosity of water (since it is the medium used for the particles).  
The value of viscosity is 1.002millipascal -second at 20°C temperature. 
T is the temperature at which experiment was carried out. In my case, it was 20°C. The 
particle size can be back tracked using the above equation (8) with the substitution of 
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diffusion constant from the experimental method. The value of calculated particle size 
for the corresponding diffusion constant is given in Table 4.5 below. Conclusion 
cannot be drawn from the differences in the size obtained because of the heterogeneity 
in particle size. 
Table 4.5 Value of particle size for the corresponding diffusion constant 
S.No 




r – radius of particle 
(µm) 
1 0.145 1.502 
2 0.039 5.575 
3 0.106 2.051 
 
The verification of Stokes-Einstein relationship was studied in aqueous glycerol 
(Ruenraroengsak and Florence 2005). The decrease in the value of diffusion constant 
with the increase in the viscosity of aqueous glycerol proved the above statement and 
is also illustrated through the below Figure 4.11. Since my medium of solution is 
water, I cannot experimentally check this behaviour. Figure 4.11 also shows that when 
the particle size increases, the D value decreases. In their study, two types of particles 
of varying size were used to prove the indirect relationship between particle size and D 
value. The size was heterogeneous in this study. But the distribution in size of latex 
spheres was not mentioned in the paper. I also observed non-homogenity in the 
particles. The study of particle surface chemistry to overcome aggregation is required 
before these kinds of analysis because homogenous particles can give more reasonable 
conclusions. Long time probing of monodispersed particles will help to understand the 




Figure 4.11Value of Diffusion constant for different values of viscosity (two types of 
particles of different sizes) (Ruenraroengsak and Florence, 2005) 
 
4.4 Calculation of particle size using zetasizer 
As stated previously, the size of the particle measured by zetasizer was used for further 
study because of the aggregation of the quantum dots. The size of the measured 
quantum dot is shown in Figure 4.12.  
 
 
Figure 4.12 Size distribution of quantum dot measured by zetasizer (Intensity mean) 
The size of the quantum dot was around 5000 nm or 5 µm when measured by 
zetasizer. The measured size (repeated for reproducibility) of the quantum dot is 
shown in the below Table 4.6. The size of the quantum dot specified by the company is 
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14 nm, but the measured size by zeta sizer is 5000nm. Quantum dots tend to aggregate 
and hence the actual size was found to be many times higher than the manufacturer 
specified size.  
Table 4.6 Size of quantum dots measured by zetasizer 





There is difference in diffusion constant between the calculated (from MSD) and 
measured (using Zetasizer) value. For the measurement using zetasizer, 1ml of 
solution in the (100mm x 100mm x 4300mm dimension) cuvette was used. The 
particle could have a lot of space to move in and around. But for the calculation of 
MSD, 20 µl of solution between glass slide and coverslip at the distance of 80-100 µm 
was used. The particle motional characteristics like diffusion constant are not 
comparable between the two cases based on the experimental set up. For further 
analysis, size measurement from zetasizer was taken. 
4.5 Comparison of particle size (Stokes-Einstein & zetasizer) 
The hydrodynamic size obtained from the Stokes-Einstein equation was compared 
with that measured by zetasizer. Due to the aggregation of quantum dot, the size 
increased from nm to µm range. In my case, calculated size (from video) and measured 
size (using zetasizer) are in micrometer range. It is apparent that my data conforms 
with the order of magnitude obtained by zetasizer, despite the aggregation problem. 
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4.6 Comparison between NIS-Elements and Image J 
The recorded videos were tracked by both the Image J and NIS-Elements software to 
compare the co-ordinate value. Image J gives the particle location value in pixel 
whereas NIS-Elements give the particle co-ordinate information in µm by the inbuilt 
algorithm that converts pixel value into µm. The conversion from pixel to micrometer 
for Image J is done manually based on the experimental set up used to record the 
image. For example, if the image is recorded at 0.62 µm / pixel, the pixel value can be 
converted to µm by multiplying it by 0.62. Table 4.7 below is one example of the 
particle co-ordinate value obtained for both NIS-Elements and Image J. The co-
ordinate values obtained by both the software are approximately same. The reason 
could be attributed to the principle used for tracking the particle. In NIS-Elements, the 
centre of intensity is followed whereas in Image J centre of mass was followed. As 
mentioned in the previous section for NIS-Elements, the frame is zoomed to choose 
the point (brightest pixel) to follow tracking. In case of Image J, the particle size is 
given to the software in terms of pixel value to track the particle. Results are not 
















1 66.96 66.49 67.79 67.95 
2 66.75 66.46 67.82 67.97 
3 66.67 66.40 67.78 68.02 
4 66.61 66.44 67.55 67.96 
5 66.71 66.16 67.62 67.93 
6 66.41 65.98 67.56 67.88 
7 66.23 66.05 67.55 67.87 
8 66.13 65.95 67.58 67.92 
9 66.07 65.74 67.12 68.07 







Conclusion and Recommendations 
Quantitative aspects of microscopic analysis can reveal the detailed dynamic behaviour 
of the system. The ultimate goal of my project is to conduct qualitative and 
quantitative analysis on cell-particle interaction via microscopy imaging. In the present 
study, the real time Brownian particle tracking in water was investigated which formed 
the preliminary study for particle tracking in cells.  
The difficult task during the study was the design of experimental set up for 
observation. Many kinds of set up such as enclosed metal holder with coverslip at the 
bottom, glass chamber slide, and glass petri dish were attempted in the study. But these 
set up showed conventional drift movement of particles when observed through the 
microscope. A sandwich model of glass slide/sample/coverslip was finally adopted 
since it exhibited no drift movement. The reason can be attributed to the availability of 
less space for convection to occur. In addition, having convective flow between the 
100 µm height with 20 µl of sample can be difficult because the “sandwiched” sample 
solution was almost a thin film in between the glass slide and cover slip. I am still 
trying to improve the set up and to eliminate any artefacts as drift movement was still 
observed in approximately one in five or six cases. 
I have used water as medium for investigation. But the same, if checked with polymers 
or different percentage of glycerol, may reveal the presence of micro-domain and 
conditions like influence of viscosity on tracking.  
My experiment was carried out for less than 60 seconds because of experimental 
limitations. Longer observation times can provide more statistically meaningful 
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results. When the particle is followed for longer time, however, there are higher 
chances for the particle to become out of focus, which can complicate the tracking 
analysis. This problem can be checked with three dimensional tracking in future to 
overcome the limitation. 
The solution used for tracking is dilute so as to have less number of particles. The 
software cannot distinguish whether the same particle is being tracked when two 
particles cross each other. This limitation paves way for the development of efficient 
algorithms to track the same particle in populated environments. Future research can 
apply tracking for cells to study the rheological property, micro-structure and rare 
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